Abstract: During robot-assisted laparoscopic prostatectomy, specific physiological conditions such as carbon dioxide insufflation and the steep Trendelenburg position can alter the cardiac workload and cerebral hemodynamics. Inadequate arterial blood pressure is associated with hypoperfusion, organ damage, and poor outcomes. Dynamic arterial elastance (Ea) has been proposed to be a useful index of fluid management in hypotensive patients. We therefore evaluated whether dynamic Ea can predict a mean arterial pressure (MAP) increase ! 15% after fluid challenge during pneumoperitoneum and the steep Trendelenburg position.
INTRODUCTION
R obot-assisted laparoscopic prostatectomy is widely performed due to its many advantages, including a reduced need for blood transfusion and fewer surgical complications compared with conventional open prostatectomy. 1 However, a specific physiological condition is induced by the carbon dioxide insufflation required and the steep Trendelenburg position used during robotic prostatectomy. Previous reports have shown that pneumoperitoneum and the Trendelenburg position can affect the cardiac workload 2, 3 and cerebral hemodynamics. 4 ,5 Additionally, the upper age limit of patients receiving robotic prostatectomy is increasing, 6 and patients with prostate cancer have increased cardiovascular risks. 7 Therefore, further consideration of hemodynamic management, including fluid therapy, is needed during the perioperative period for patients undergoing robotic prostatectomy.
Maintenance of adequate arterial blood pressure is essential to avoid tissue hypoperfusion, organ damage, and subsequent poor outcomes in noncardiac surgery. [8] [9] [10] When the mean arterial pressure (MAP) decreases in preload-dependent conditions, fluid administration is generally regarded as an initial therapy. Interestingly, dynamic arterial elastance (Ea), which is defined as the ratio between the pulse pressure variation (PPV) and stroke volume variation (SVV), has been proposed to be a useful index of fluid management in hypotensive patients. 11, 12 However, there are no reports on the ability of dynamic Ea to predict arterial pressure responsiveness under the special surgical conditions generated by the steep Trendelenburg position and carbon dioxide pneumoperitoneum.
In our present study, we hypothesized that dynamic Ea could be a useful predictor of arterial pressure responsiveness in robot-assisted laparoscopic prostatectomy. To test our hypothesis, we evaluated whether dynamic Ea could predict an MAP increase ! 15% 13 in preload-dependent conditions (SVV > 10%) 14 and with arterial hypotension (MAP < 65 mm Hg or systolic arterial pressure <90 mm Hg) 8 in patients receiving robot-assisted laparoscopic prostatectomy under carbon dioxide pneumoperitoneum and in the steep Trendelenburg position.
METHODS

Patients
This prospective observational clinical study was conducted between June 2014 and September 2014. The study protocol was approved by the Asan Medical Center Institutional Review Board (approval number: 2014-0522) and registered on an international clinical trials registry platform (http://cris.nih.go.kr, KCT0001131). A total of 42 male patients who were scheduled for robot-assisted laparoscopic prostatectomy due to prostate cancer were enrolled and written informed consent was obtained from all patients. The exclusion criteria were as follows: < 20 or > 80 years of age; medical history of arrhythmia, valvular heart disease, ischemic heart disease, or left ventricular ejection fraction < 40%; any pulmonary disease or abnormal preoperative chest radiography; renal disease (serum creatinine > 1.4 mg/dL or receiving dialysis); new-onset arrhythmia after anesthesia induction; failure of arterial catheterization; or an unexpected severe intraoperative hemodynamic change.
PPV
The PPV was defined as
where PP max and PP min indicate the maximal and minimal pulse pressure in a respiratory cycle, respectively. Data on arterial blood pressure were transferred to the Phillips IntelliVue MP90 monitoring system (Philips, Best, The Netherlands). The PPV was automatically calculated and averaged >4 consecutive cycles of 8 s.
SVV
A specialized hemodynamic monitoring system (EV1000 clinical platform, Edward Lifesciences Corp, Irwin, CA) was connected to the arterial line via FloTrac TM sensors (Edwards Lifesciences Corp). Cardiac output and stroke volume were calculated by real-time arterial waveform analysis. The SVV was computed every 20 s according to the following formula:
After zeroing to atmosphere, cardiac output, stroke volume, and SVV values were obtained continually by arterial waveform analysis. SV max , SV min , and SV mean indicate the maximal, minimal, and mean stoke volume in a respiratory cycle, respectively.
Dynamic Ea
Dynamic Ea was defined as the PPV/SVV ratio and was calculated from the average of 3 consecutive measurements of the SVV and PPV at a specific time point. In a previous report, 12 the PPV measured by the IntelliVue MP90 and the SVV measured by the EV1000 were used to evaluate fluid responsiveness in robotic prostatectomy.
Study Protocol
General anesthesia and patient monitoring were performed according to our institutional standards. Intraoperative monitoring included electrocardiography, intra-arterial blood pressure, end-tidal carbon dioxide concentration, and peripheral oxygen saturation. Anesthesia was induced with thiopental sodium 5 mg/kg and target-controlled infusion of remifentanil (Orchestra 1 Base Primea; Fresenius Kabi, Bad Homburg, Germany) with an effect site concentration of 3 ng/mL. Rocuronium bromide 0.6 mg/kg was given to facilitate tracheal intubation. Anesthesia was maintained with 1vol% to 2vol% sevoflurane and 50% oxygen in medical air. The effect site concentration of remifentanil target-controlled infusion was adjusted to between 3 and 8 ng/mL. The depth of anesthesia was monitored using the bispectral index (A-1050 Monitor; Aspect Medical Systems, Newton, MA), which was maintained between 40 and 60. Sevoflurane administration and remifentanil target-controlled infusion were intermittently adjusted during surgery according to the bispectral index or hemodynamic parameters but were not changed during fluid challenge or hemodynamic measurements. Mechanical ventilation using an anesthetic machine (Primus 1 ; Dräger, Lübeck, Germany) was performed using a fixed tidal volume of 8 mL/kg (ideal body weight) and a respiratory rate of 10 to 16/min to maintain an end-tidal carbon dioxide concentration of between 35 and 40 mm Hg. A positive end-expiratory pressure of 8 cm H 2 O was applied equally in all patients. During surgery, all patients were placed in the Trendelenburg position at 358 and pneumoperitoneum was achieved by continuous carbon dioxide insufflation maintaining an intra-abdominal pressure of 12 cm H 2 O.
After the induction of anesthesia, intra-arterial pressure was continuously monitored using radial arterial catheterization, and an additional intravenous route for fluid challenge was secured with a 16-gauge catheter. After zeroing to atmosphere, an indwelling radial artery catheter was simultaneously connected to the Philips IntelliVue MP90 monitoring system and the EV1000. Intraoperative basal fluid was restricted with continuous infusion of 2 mL/kg/h of crystalloid solution. Hemodynamic parameters were measured at 4 time points: 10 min after the Trendelenburg position was adopted and carbon dioxide insufflation (T1), just before fluid challenge (T2), 3 min after fluid challenge (T3), and at the time of skin closure (T4). T1 was regarded as the baseline for the hemodynamic parameters. T2 was determined by the presence of the preload-dependent condition, which is defined as the maintenance of SVV > 10% for >10 min, 14 and arterial hypotension (MAP < 65 mm Hg or systolic arterial pressure < 90 mm Hg). 8 Fluid challenge was carried out with 500 mL 6% hydroxyethyl starch (Volulyte 1 ; Fresenius Kabi, Bad Homburg, Germany) >20 min via an infusion pump. During fluid challenge (between T2 and T3), the respiratory rate or anesthetic concentration was not altered. When MAP was not maintained at 65 mm Hg or higher despite fluid challenge, 5 to 10 mg intravenous ephedrine was administered after evaluating the dynamic Ea.
Postoperative pulmonary complications, defined as the presence of abnormal findings on chest radiography (atelectasis, pulmonary infiltration, pulmonary vascular congestion, pulmonary edema, and pleural effusion), and abnormal findings in laboratory tests were evaluated until postoperative day 7.
Outcome Measurement
Patients were classified as arterial pressure responders or arterial pressure nonresponders according to whether they achieved an MAP increase ! 15% after fluid challenge. 13 At each time point, the cardiac index, MAP, heart rate, stroke volume index, PPV, and SVV were measured. All variables are recorded directly from the hemodynamic monitoring system, except for dynamic Ea, which was derived and calculated from the PPV and SVV.
Statistical Analysis
Sample size was determined using the difference between the area under the curve of 0.75 (alternative hypothesis that dynamic Ea can predict arterial pressure responsiveness after fluid challenge) and 0.5 (null hypothesis). Assuming a type I error of 0.05 and a desired power of 0.80, 38 patients were required for the analysis. Expecting a dropout rate of 10%, 42 patients were enrolled. Normality of data was tested using the Shapiro-Wilk test. Differences in patient characteristics, preoperative laboratory values, and intraoperative and postoperative data between arterial pressure responders and arterial pressure nonresponders were compared using an unpaired t test or the Mann-Whitney rank sum test. Categorical data between the 2 groups were compared using the chi-square test or Fisher's exact test. To simultaneously compare the change in hemodynamic variables after fluid challenge and the difference between arterial responders and arterial nonresponders, 2-way repeated measure analysis of variance was used. Receiver operating characteristic curve analysis was performed to assess the arterial pressure responsiveness after fluid challenge for each hemodynamic variable (dynamic Ea, PPV, SVV, MAP, stroke volume index, and heart rate at T2). The optimal cut-off value was determined using a value based on the Youden index, which was calculated as a maximum (sensitivity þ specificity -1). An area under the curve of > 0.75 was considered to show good prediction. 15 All results are expressed as mean AE SD or number (proportion). P < 0.05 was considered statistically significant. Statistical analysis was performed using MedCalc 1 version 13.2.0 (MedCalc Software, Ostend, Belgium) or SigmaPlot 10.0 (Systat Software, Inc, San Jose, CA).
RESULTS
A total of 42 patients were initially eligible for this study. However, 3 patients were excluded: 1 developed paroxysmal atrial fibrillation during surgery, another had arterial catheterization failure, and the remaining patient had sudden surgical bleeding and a subsequent severe intraoperative hemodynamic change. Finally, 39 patients were enrolled (Fig. 1) . The demographics and perioperative data of arterial pressure nonresponders and arterial pressure responders are summarized in Table 1 . There were no significant differences in variables between arterial pressure nonresponders and arterial pressure responders in preload-dependent patients receiving robotic prostatectomy under carbon dioxide pneumoperitoneum and in the steep Trendelenburg position.
Hemodynamic parameters before and after fluid challenge are listed in Table 2 . Larger increases in the MAP, stroke volume index, and cardiac index after fluid challenge were seen in arterial pressure responders than in arterial pressure nonresponders. A statistically significant difference in the mean dynamic Ea before fluid challenge (T2) was seen between arterial pressure nonresponders and arterial pressure responders (0.61 vs 0.79, P < 0.001; Fig. 2 ).
The area under the curve of each hemodynamic variable for the prediction of arterial pressure responsiveness after fluid challenge is provided in Table 3 . The area under the curve of FIGURE 1. Study flow chart. Arterial pressure nonresponders were defined by a mean arterial pressure increase of < 15% after fluid challenge, whereas arterial pressure responders were defined by a mean arterial pressure increase of ! 15% after fluid challenge in patients undergoing robot-assisted laparoscopic prostatectomy.
dynamic Ea for predicting arterial pressure responders was 0.810 (95% confidence interval ¼ 0.650-0.916, P < 0.001). Various cut-off values are listed in Table 4 , and the optimal cutoff value of dynamic Ea for predicting an MAP increase of ! 15% after fluid challenge was 0.74 in patients receiving robotic prostatectomy under carbon dioxide pneumoperitoneum and in the steep Trendelenburg position.
DISCUSSION
In our present study, we have shown that dynamic Ea can predict an increase in the MAP of ! 15% after fluid challenge in Data are expressed as mean AE SD or numbers (proportion). Arterial pressure nonresponders were defined by a mean arterial pressure increase of < 15% after fluid challenge, whereas arterial pressure responders were defined by a mean arterial pressure increase of ! 15% after fluid challenge in patients undergoing robot-assisted laparoscopic prostatectomy. INR ¼ international normalized ratio. Data are expressed as mean AE SD. Arterial pressure nonresponders were defined by a mean arterial pressure increase of < 15% after fluid challenge, whereas arterial pressure responders were defined by a mean arterial pressure increase of ! 15% after fluid challenge in patients undergoing robot-assisted laparoscopic prostatectomy.
Ã P < 0.05 compared with arterial pressure nonresponders. y P < 0.01 compared with before fluid challenge.
preload-dependent patients receiving robot-assisted laparoscopic prostatectomy under carbon dioxide pneumoperitoneum and in the steep Trendelenburg position. In addition, we found that a dynamic Ea value of > 0.74 was associated with an MAP increase of ! 15% during robot-assisted laparoscopic prostatectomy. The steep Trendelenburg position and pneumoperitoneum increase right-and left-side cardiac filling pressure. 2, 16 Significant changes in the MAP, stroke volume, and systemic vascular resistance are associated with carbon dioxide insufflation and/or the head-down position. 16 These earlier findings suggest that special surgical conditions during robotic prostatectomy can increase cardiac workload. In addition, cerebral perfusion pressure can be affected by increased intracranial pressure and intrathoracic pressure in patients receiving robotic prostatectomy under carbon dioxide pneumoperitoneum and in the steep Trendelenburg position. 17 Furthermore, in elderly patients undergoing robotic prostatectomy, cardiovascular function can be compromised. 2, 16, 18 Importantly, inadequate arterial blood pressure is associated with tissue hypoperfusion, organ damage, and poor outcomes. [8] [9] [10] Thus, adequate maintenance of intraoperative arterial blood pressure is important in patients receiving robotic prostatectomy under carbon dioxide pneumoperitoneum and in the steep Trendelenburg position.
The SVV and PPV are widely used as fluid responsiveness indexes. 19, 20 During positive pressure ventilation, cyclic changes in intrathoracic pressure can induce changes in stroke volume and arterial pulse pressure, and such variation can consequently be used as a dynamic volume index. However, clinical situations causing intrathoracic pressure changes can induce variations in right atrial pressure, thereby changing intrathoracic blood volume during positive pressure ventilation. 21 In robot-assisted laparoscopic prostatectomy, for a good surgical field, the patient must be placed in a steep Trendelenburg position (258-458 head down). In this specific position, the abdominal organs are pulled away from the operative field by gravity, causing an intrathoracic pressure increase. Moreover, additional carbon dioxide insufflation may affect venous return to the right atrium and exaggerate intrathoracic pressure changes. Therefore, fluid responsiveness assessed by the SVV or PPV may be influenced by the increased intrathoracic pressure and be less accurate during robotic prostatectomy. 22, 23 In addition, to evaluate the stroke volume index after a fluid challenge (ie, volume responsiveness), a relatively constant arterial vascular tone would be required. 24, 25 Specific surgical conditions such as carbon dioxide insufflation and the steep Trendelenburg position can decrease venous return and predispose the patient to a decreased cardiac afterload, 26 possibly reducing the predictability of the fluid responsiveness of both the SVV and PPV. Based on these considerations, the predictability of the arterial pressure responsiveness of the SVV and PPV can also be influenced, at least in part, by the increased intrathoracic pressure and decreased cardiac afterload during robotic prostatectomy.
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However, dynamic Ea, which is not an absolute value but a ratio between the PPV and SVV, is a useful index of fluid management in hypotensive patients under spontaneous breathing. 27 In addition, dynamic Ea reflects the arterial vascular tone. 19, 28 Taken together, dynamic Ea is thought to be minimally influenced by changes in intrathoracic pressure and cardiac afterload. In previous studies, dynamic Ea was used to detect the need for vasopressor administration in preloaddependent patients. 20, 29 In our present study, we found that dynamic Ea can predict an increase in the MAP of ! 15% after a fluid challenge in preload-dependent patients receiving robotic prostatectomy under carbon dioxide pneumoperitoneum and in the steep Trendelenburg position. We considered that evaluation of the arterial pressure responsiveness using dynamic Ea could help to maintain adequate arterial blood pressure and to improve perioperative outcomes in patients receiving robotic prostatectomy.
We obtained various cut-off values from 0.52 to 0.85 and found that the optimal cut-off value of dynamic Ea to predict an MAP increase of ! 15% after fluid challenge was 0.74. The optimal cut-off value of 0.74 can be used clinically as a good guide for predicting arterial pressure responsiveness after volume loading during robotic prostatectomy. The optimal cut-off value of dynamic Ea for predicting an MAP increase after fluid challenge has been reported to be 0.9 to 1.25 in several clinical situations. 13, 27 The dynamic Ea cut-off value during robotic prostatectomy in our current analyses was measured as 0.74, which was lower than that of previous reports. 13, 27 Although it would be difficult to compare our results with those of previous studies, the SVV is thought to be more affected by intrathoracic pressure changes than the PPV in patients under carbon dioxide pneumoperitoneum and in the steep Trendelenburg position. 22 Increased intrathoracic pressure could consequently increase both the SVV and PPV. 23 However, the SVV is reported to be more influenced by increased intra-abdominal pressure than the PPV. 22 There were several possible limitations to our present study. First, we evaluated fluid responsiveness using the MAP increase. Although cardiac output can be more important in preventing tissue hypoperfusion than MAP, measurement of cardiac output using pulmonary arterial catheterization or transesophageal echocardiography is clinically invasive and difficult in routine daily practice. The insertion of a pulmonary arterial catheter is associated with fatal complications. 30 Also, use of intraoperative transesophageal echocardiography requires a trained physician and is expensive and invasive. 31, 32 Compared with cardiac output measurement using pulmonary arterial catheterization or transesophageal echocardiography, dynamic Ea can be measured more simply and less invasively. Second, SVV and PPV values were obtained at different times by their respective measurement devices. The SVV was calculated from the FloTrac 1 sensor/EV1000 device every 20 s, whereas the PPV was obtained from the Philips MP90 monitor every 8 s. However, to decrease the time difference, we recorded all SVV or PPV values for 3 consecutive measurements at specific time points and used an average value. Therefore, we consider that the effect of the time difference on dynamic Ea is minimal.
In conclusion, the dynamic Ea, which is simply calculated from the SVV and PPV, can be predictive of arterial pressure responsiveness to fluid challenge in robot-assisted laparoscopic prostatectomy. The optimal cut-off value of dynamic Ea for predicting an MAP increase of ! 15% after fluid challenge is 0.74. Our present findings provide useful information for future fluid management protocols in patients with preload-dependent condition and arterial hypotension during carbon dioxide pneumoperitoneum and the steep Trendelenburg position. Ã Optimal cut-off value for dynamic arterial elastance predicting mean arterial pressure increase ! 15% after fluid challenge.
